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Within the charge-spin separation fermion-spin theory, the mechanism of superconduc-
tivity in NaxCoO2 ·yH2O is studied. It is shown that dressed fermions interact occurring
directly through the kinetic energy by exchanging magnetic excitations. This interaction
leads to a net attractive force between dressed fermions(then the electron Cooper pairs),
and their condensation reveals the superconducting ground state. The optimal super-
conducting transition temperature occurs in the electron doping concentration δ ≈ 0.29,
and then decreases for both underdoped and overdoped regimes, in qualitative agreement
with the experimental results.
The discovery of superconductivity in Na0.35CoO2 · 1.3H2O has engendered
great interest in transition metal oxides1. Many experimental measurements1,2 have
shown that the superconductivity in the doped cobaltate suggests the importance
of the strong electron correlation as in the doped cuprates2,3, and two systems
may have similar underlying SC mechanism, i.e., it is possible that superconductiv-
ity in the electron doped cobaltates is also driven by the kinetic energy as in the
doped cuprates4. In this paper, we will apply the charge-spin separation fermion-
spin theory5 to study the mechanism of superconductivity in the doped cobaltates
within the t-J model.
The t-J model on a triangular lattice is expressed as6,7,
H = −t
∑
iηˆσ
f †iσfi+ηˆσ + µ
∑
iσ
f †iσfiσ + J
∑
iηˆ
Si · Si+ηˆ, (1)
supplemented by the local constraint
∑
σ f
†
iσfiσ ≤ 1 to remove double occupancy,
where t < 0, f †iσ (fiσ) is the hole creation (annihilation) operator, and Si = f
†
i σfi/2
is the spin operator in the hole representation. Then the hole operators can be
expressed5 as, fi↑ = a
†
i↑S
−
i and fi↓ = a
†
i↓S
+
i , where the spinful fermion operator
aiσ = e
−iΦiσai describes the charge degree of freedom together with some effects
of the spin configuration rearrangements due to the presence of the doped electron
itself (dressed fermion), while the spin operator Si describes the spin degree of
freedom (dressed spinon), then the single occupancy local constraint is satisfied in
analytical calculations5. In this charge-spin separation fermion-spin representation,
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the low-energy behavior of the t-J model (2) can be expressed as5,
H = −t
∑
iηˆ
(ai↑S
+
i a
†
i+ηˆ↑S
−
i+ηˆ + ai↓S
−
i a
†
i+ηˆ↓S
+
i+ηˆ)
− µ
∑
iσ
a†iσaiσ + Jeff
∑
iηˆ
Si · Si+ηˆ, (2)
with Jeff = (1 − δ)2J , and δ = 〈a†iσaiσ〉 = 〈a†iai〉 is the electron doping concentra-
tion. In this case, the magnetic energy (J) term in the t-J model is only to form
an adequate dressed spinon configuration, while the kinetic energy (t) term has
been transferred as the dressed fermion-spinon interaction, which dominates the
essential physics. This dressed fermion-spinon interaction is quite strong, and can
induce the dressed fermion pairing state (then the electron pairing state and su-
perconductivity) by exchanging dressed spinon excitations in a higher power of the
electron doping concentration δ. As in the conventional superconductors, the order
parameter for the electron Cooper pair can be expressed as ∆ = 〈f †i↑f †j↓− f †i↓f †j↑〉 =
〈ai↑aj↓S+i S−j − ai↓aj↑S−i S+j 〉. In the doped regime without AFLRO, the dressed
spinon correlation function 〈S+i S−j 〉 = 〈S−i S+j 〉, and the order parameter for the
electron Cooper pair can be written as ∆ = −〈S+i S−j 〉∆a, with the dressed fermion
pairing order parameter ∆a = 〈aj↓ai↑ − aj↑ai↓〉. Following the discussions in Ref.
4, we can obtain the dressed fermion pair order parameter as,
∆(d)a =
2
N
∑
k
| γ(d)k |2
∆¯
(d)
a
Ek
th[
1
2
βEk]. (3)
where γ
(d)
k = d1k+ id2k, d1k = 2coskx−cos[(kx−
√
3ky)/2]−cos[(kx+
√
3ky)/2] and
d2k =
√
3cos[(kx +
√
3ky)/2]−
√
3cos[(kx −
√
3ky)/2], and other physical quantities
have been given in Ref. 4. For a discussion of the physical properties of the SC state,
we now need to calculate the electron off-diagonal Green’s function Γ†(i−j, t−t′) =
〈〈f †i↑(t); f †j↓(t′)〉〉. With the help of electron off-diagonal Green’s function and in the
framework of the charge-spin separation fermion-spin theory5, we obtain the SC
gap function as,
∆(d)(k) = − 1
N
∑
p
∆¯
(d)
a (p− k)Bp
4Ep−kωp
th
βEp−k
2
coth
βωp
2
, (4)
which shows that the symmetry of the electron Cooper pair is the same as the
symmetry of the dressed fermion pair, i.e., the SC gap function can be written
as ∆(d)(k) = ∆(d)(d1k + id2k). The SC gap function in Eq. (4) indicates that the
SC transition temperature Tc occurring in the case of ∆
(d) = 0 is identical to the
dressed fermion pair transition temperature occurring in the case of ∆¯
(d)
a = 0. This
SC transition temperature Tc as a function of electron doping concentration δ in
the d-wave symmetry for t/J = −2.5 is plotted in Fig. 1 in comparison with the
experimental data2(inset). It is shown that the maximal SC transition tempera-
ture Tc occurs around the optimal electron doping concentration δ ≈ 0.29, and
November 21, 2018 4:6 WSPC/INSTRUCTION FILE liu
Superconductivity in NaxCoO2 · yH2O driven by the kinetic energy 3
then decreases for both underdoped and overdoped regimes. Using an reasonable
estimation value of J ∼ 10mev to 20mev in NaxCoO2 ·yH2O, the SC transition tem-
perature in the optimal doping is Toptimalc ≈ 0.02J ≈ 3K ∼ 6K. Our these results
are in qualitative agreement with the experimental data2. Since NaxCoO2 · yH2O
δ
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Fig. 1. The superconducting transition temperature as a function of the electron doping concen-
tration in the d-wave symmetry for t/J = −2.5. Inset: the experimental result on NaxCoO2 ·yH2O
taken from Ref. 2.
is the electron doped Mott insulator on a triangular lattice, therefore the system
has strong geometrical spin frustration. This magnetic frustration also induces the
strong charged carrier’s quantum fluctuation. Both strong magnetic frustration and
charged carrier’s quantum fluctuation suppress the SC transition temperature.
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